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Abstract 

First , the historical development of laser 
velocimetry and its application to low-speed (less 
than 100 ra/sec) aerodynamic flows in the subsonic 
wind tunnels at Ames Research Center is reviewed. 
Next, a fully three-dimensional velocimeter for the 
Ames 7- by 10-Foot Wind Tunnel is described, and 
its capabilities are presented through sample data 
from a recent experiment. Finally, a long-range 
(2.6 to 10 m) velocimeter that is designed to be 
installed within the test section of the Ames 
40- by 80-Foot Wind Tunnel is described and sample 
data are presented. 


Historical Review 

The development and application of the laser 
velocimeter (LV) have been important parts of the 
low-speed aerodynamics research effort at Ames 
Research Center since 1972 when the first two-color, 
two-dimensional backscatter laser velocimeter (2DLV) 
was installed in the Ames 7- by 10-Foot Wind 
Tunnel. 1 The 2DLV simultaneously senses two orthog- 
onal components of the velocity and uses "zoom" 
optics to translate the focal point along the opti- 
cal axis. The unit is comparable to the latest 
two-channel velocimeter systems available today, and 
it has continued to provide quality data for the 
last 12 years. 

The initial application of the 2DLV was in sup- 
port of a research effort to alleviate the hazard 
to small, following aircraft that is posed by the 
wake vortices shed from large, transport-type air- 
craft. First, in the interest of better under- 
standing the basic fluid mechanics of the flow, the 
2DLV was used to measure the velocity structure 
within the vortex generated by a semispan wing. 2 
Later, in studies of the effects of flap deployment 
and landing-gear extension on the coalescence of the 
vortices, it was used to measure the multiple-vortex 
wake behind a model of a transport aircraft. 3 
Finally, in order to study the decay properties of 
vortices, the rapid-scanning feature of the 2DLV 
was used to measure the decay of vortices formed by 
towing a wing submerged in a towing basin . k 

In 1974, laser velocimetry made an important 
contribution in the field of helicopter rotor aero- 
dynamics research. By processing LV data over only 
a short interval (typically 60 ysec) when the rotor 
blade is in a specified location relative to the LV 
test point, and "opening" this "data window" at each 
successive blade passage, the instantaneous flow 
around the rotor blade was nonintrusively measured* 

In 1975, the 2DLV was integrated with a minicom- 
puter for data acquisition, reduction, and display; 
position control was also automated by means of a 
five-motor digital controller that was interfaced to 
the minicomputer. As a result, rotor inflow measure- 
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ments were improved significantly, and the system 
has since been used extensively to study both the 
hover 5 and the forward-flight 6 configurations. 

With on-line computer capability, the utility 
of the 2DLV was further enhanced in 1977 by com- 
bining some basic analytical aerodynamic concepts 
with the experimental LV velocity measurements in 
order to extract aerodynamic data in ways that were 
not previously feasible. Through computer- 
experiment integration, the 2DLV was shown to be a 
valuable tool in accurately measuring spanwise 
loading distributions on a finite wing without 
using pressure orifices and pressure transducers. 7 

In 1978, research and development began on a 
fully three-dimensional laser velocimeter (3DLV) . 

The first application 8 was in 1981, at which time 
it was noted that further optimization of the opti- 
cal system was necessary to yield a truly useful 
instrument. Furthermore, the geometric configura- 
tion of the system suggested that the effects of 
systematic and statistical uncertainties should be 
studied in more detail: the results of these studies 
have been reported, 9 * 16 and operation of the 3DLV 
is now much improved and better understood. 

Data acquisition, reduction, display, and sys- 
tem control have also been significantly improved. 
From the first LV application in 1972, with only 
spectrum analyzers and oscillograph recorders for 
data acquisition, the system has been developed 
into one with automated three-channel digital data 
acquisition and reduction, high-resolution on-line 
graphics display, user-interactive features for 
more efficient operation, and computer feedback to 
the signal conditioning electronics to enhance the 
LV signal-to-noise ratios. The current status and 
capabilities of the 3DLV optical system and asso- 
ciated electronics, the digital hardware, and the 
interactive software are presented in the next sec- 
tion of the paper. 

A separate research effort in laser velocimetry 
was begun in 1978 because of a need to make back- 
scatter velocity measurements in the test sections 
of the Ames 40- by 80-foot and the Ames 80- by 
120-foot wind tunnels. Fabrication and assembly of 
a laser velocimeter for this purpose began in 1979 
and the first operational test was made in early 
1981; after several refinements, accurate laboratory 
measurements were made and reported 11 with an 
initial research application in 1983. 12 The details 
and status of this long-range laser velocimeter 
(LRLV) are reviewed in the third section of the 
paper. 


Three-Dimensional Laser Velocimeter for the 
Ames 7- by 10-Foot Wind Tunnel 

The 3DLV optical system shown in Fig. 1 has 
been optimized for applications in the Ames 7- by 
10-Foot Wind Tunnel (subsonic, closed-return). It 
measures all three velocity components by means of 
three independent dual-scatter channels that oper- 
ate in the backscatter direction. As indicated, 
the two strongest colors (514.5 and 488.0 nm) from 
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a 4-W argon-ion laser are used for the two channels 
whose results are together used in a transformation 
equation that provides the on-axis velocity compo- 
nent, V. The 514.5-nm line senses the W-component 
almost directly; the 488.0~nm line senses a combina- 
tion of the W- and V-components . The remaining 
channel utilizes the 476.5-nm line and is sensitive 
to the streamwise velocity component, U. All three 
channels incorporate acoustooptic cells for fre- 
quency offset to provide flow-directional sensitiv- 
ity. A combination of mechanical tilt and variable 
focusing (both digitally controlled) are used to 
ensure that the focal point of the upper (off-axis) 
channel remains colocated with the focal point of 
the lower (2D) portion as the lower (2D) optics 
"zoom" across the test section. These motions 
implement lateral positioning of the test point 
within the test section; vertical and streamwise 
motion are accomplished by moving .the entire package 
on a digitally controlled platform. The repeatable 
positioning accuracy is better than 0.5 mm; the 
spatial resolution (probe-volume size) is of the 
order of 1.5 mm. 

Because the 3DLV involves nonlinear positioning 
of five stepping motors, data transfer from three 
signal processors, and communication with several 
other devices, the velocimeter optics and electron- 
ics are interfaced to a dedicated high-speed mini- 
computer with extensive peripheral and I/O capabil- 
ity, as indicated in Fig. 2. The computer automati- 
cally performs test-point positioning and path 
control through communication with five stepping- 
motor controllers. Optical encoder readback to the 
controllers ensures location accuracy. 

The system software is designed to be highly 
interactive so that the scientist can most effec- 
tively use the 3DLV for aerodynamics research. To 
accomplish this, special data-acquisition , reduc- 
tion, and display methods have been incorporated to 
ensure that the data taken are of good quality. For 
example, during data acquisition, the main graphics 
display is used to plot reduced data as a function 
of location as the LV test point moves along a user- 
prescribed path in the flow. At the same time, 
the computer analyzes the incoming data and 
displays histograms and sample statistics (on 
the graphics terminal for any selected LV channel) 
so that the scientist has immediate feedback 
about data quality and can make adjustments as 
required. When surveys are completed, the results 
on the main graphics display can be transferred to 
a pen plotter. 

Unfortunately, backscatter velocimeters are 
subject to an inherently poorer signal-to-noise 
ratio (SNR) than is characteristic of forward- 
scatter velocimeters. Because the SNR is inversely 
proportional to the processing bandwidth, it follows 
that the SNR can be enhanced by minimizing the band- 
width. On the other hand, if the bandwidth is too 
narrow, the incoming data may be biased by the 
filter bandpass if 1) the mean frequency moves to 
the edges of the bandpass as the mean velocity 
varies during a flow survey, or 2) the turbulence 
intensity is high enough to cause the distribution 
of frequencies to overshoot one or both edges of the 
bandpass. To alleviate this problem, the 3DLV sys- 
tem incorporates state-of-the-art, programmable 
frequency synthesizers that generate, for each 
channel, a mixer frequency that can be varied under 
program control so as to maintain the mean signal 
frequency (as seen by the processor) at the center 


of the bandwidth. In this way, the SNR is improved 
because a minimum bandwidth may be used. Also, at 
a constant signal frequency, the signal processor 
accuracy remains constant. 

A microcomputer acts as a slaved data- 
acquisition and buffer unit. It acquires data 
samples as instructed by the minicomputer and sends 
an interrupt when it is ready to transfer a batch 
of data. During the time that the microcomputer is 
acquiring data from the LV processors, the minicom- 
puter carries out diagnostics on the previous data 
set that Was transferred and presents the informa- 
tion on the graphics terminal display. 

The authors have previously reported 10 a 
generalized error analysis for an arbitrary 3DLV 
geometrical arrangement. The analysis involves the 
use of a transformation matrix, A*j , that when 
multiplied by the three measured mean frequencies , 
yields the orthogonal components of the velocity 
according to 



The geometrical details of the velocimeter and other 
constants are contained in the matrix A* j . For the 
3DLV, the small coupling angle (nominally 17°) 
between the on-axis and off-axis channels places 
stringent requirements on the accuracy to which the 
elements A^j must be determined. A special cali- 
bration technique that reduces systematic errors in 
the measurement of these elements to acceptable 
levels has been developed and a patent has been 
applied for. 13 

The effects of statistical uncertainty on the 
accuracy of the 3DLV have been extensively studied 10 
and can be summarized in the following equations: 



where AV^_ is the confidence interval for the 
velocity component Vj_ (U, V, or W) ; z Q is the 
confidence coefficient for Gaussian statistics; sj 
is the variance in the distribution of frequency 
for the jth (j =1, 2, 3) LV channel for which the 
measured mean frequency is f j ; and N is the size 
of the ensemble for which the sample statistics are 
computed (i.e., the number of velocity samples taken 
from each LV channel). When the measured velocity 
vector is projected into the YZ plane, the projec- 
tion, Vy 2 > is at an angle 0 measured from the 
Y-axis; and A0 is the confidence interval on 0. 
Similar expressions can be generated for the angles 
obtained by projecting the velocity vector into the 
XY and ZX planes. 

The theory associated with Eqs . (2) and (3) has 
been incorporated into the data-acquisition software 
for the 3DLV and, in effect, it defines the system 
operating procedures. For example, before a 
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velocity survey begins, the software prompts the 
user to specify the desired error criterion; the 
user enters whether it is to be "velocity component" 
or "flow direction" and specifies the maximum accep- 
table error (AV-j_ or A0) for the survey. As the 
survey proceeds automatically, the computer varies 
the number of samples. N collected at each location 
in order to maintain the specified accuracy as the 
local flow conditions (turbulence and vector direc- 
tion) change. 

As an example of a typical research application 
of the 3DLV, the instrumentation has been used to 
measure the flow associated with a 5-cm-diam cold 
jet issuing normally from a surface plate (ground 
plane) into the wind-tunnel crossflow. The research 
was conducted in conjunction with V/STOL basic aero- 
dynamics research. Figure 3 illustrates the instal- 
lation of the 3DLV relative to the wind tunnel and 
the jet; the 3DLV is tilted 2.74° to allow measure- 
ments to be made closer to the surface. The jet 
velocity was Vj et =* 85 m/sec and the velocity 
ratio was Vjet/V^ » 8. The main features of the 
flow are sketched in Fig. 4. Of particular interest 
to fluid dynamicists who have modeled the flow is 
the detailed velocity structure around the jet exit 
and in its wake. To provide such data, comprehen- 
sive measurements were made in horizontal and verti- 
cal planes (Fig. 4). Whereas all three velocity 
components are measured and stored for each point , 
the horizontal-plane data require only the U and V 
velocity components, and the vertical-plane data 
require only the V and W velocity components. 

Figure 5 is a top view of the measured velocity 
vectors projected into the horizontal plane indicated 
in Fig. 4; it is a compilation of surveys made in the 
Y-direction (parallel to the ground plane) for 
several X-locations in the vicinity of the jet 
exit. The acquisition criterion for these data was 
that the 95%-conf idence interval for the V-component 
of velocity be between 0.5 and 1.0 m/sec, depending 
on the survey. Because of the two-channel coupling 
involved in obtaining V, AU and AW are approxi- 
mately 5 times smaller than AV (for the same number 
of samples, N) for the geometrical configuration of 
the 3DLV; hence, it is generally AV that is speci- 
fied for a survey as the main limitation to accuracy. 
Also , note that the turbulence intensity varies con- 
siderably with location; this results in correspond- 
ingly large variations in the number of samples 
required by Eq. (2). In this study, the number of 
samples typically varied from 200 in regions of low 
turbulence to as high as 3,000 in regions of high 
turbulence. The figure clearly shows the effect of 
entrainment in the wake region of the jet. The 
details of the inflow and entrainment are even 
clearer when the surveys labeled A and B in 
Fig. 5 are viewed looking upstream, as presented in 
Fig. 6. 

The induced-velocity field of the weak surface 
vortices shown in Fig. 4 (as they pass through a 
vertical data-plane) can be visualized quantita- 
tively, as shown in Fig. 7. Again, the surveys that 
comprise the vector display utilize the indirectly 
measured V-component of velocity. Notice that by 
taking the correct number of samples, N, the 3DLV 
system can accurately measure even small values of 
the mean velocity in the presence of high turbulence. 

Finally, Eq . (3) indicates that the local flow 
direction can be measured to within a prescribed 
confidence interval. Accordingly, a new technique 


has been developed 14 wherein the 3DLV test point is 
moved within* the flow in such a way that it follows 
along a mean streamline. Path control requires an 
involved three-dimensional algorithm that suppresses 
cumulative path errors and corrects for local flow 
curvature and inflection. The resulting path is 
displayed by the computer graphics as the motion 
takes place. Any two planes may be selected by the 
user for viewing the streamline. Using a criterion 
that the flow direction have a 95%-confidence inter- 
val of 10°, the streamline traces presented in 
Fig. 8 were obtained as on-line displays during the 
. jet-in-a-cross-f low application of the 3DLV. Each 
of the streamlines were begun at 5 cm above the 
•surface plate and at various Y-values about the 
centerline, as indicated. For clarity, only the 
traces labeled A through D in the XY plane are 
shown in the ZX plane. 


Long-Range Laser Velocimetry 

Laser velocimetry in small wind-tunnel facili- 
ties and in laboratory environments has become 
routine, but its implementation for research pur- 
poses in large wind tunnels and at extended ranges 
has been quite limited. In smaller wind tunnels, 
optical windows can easily be installed so that the 
LV can be positioned outside of the test section; 
in large wind tunnels, however, the window Instal- 
lation allows only limited access to the test 
section, and the range requirements to measure 
beyond the wind-tunnel centerline may be excessive. 

Figure 9 is a schematic representation of how 
a long-range laser velocimeter (LRLV) will be 
installed in the Ames 40- by 80-Foot Wind Tunnel. 

The entire streamlined optical package (4.3 m in 
length, 0.76 m in diameter) is mounted within the 
test section on lateral rails that are located at a 
selected longitudinal position (the addition of 
longitudinal motion is achieved by repositioning the 
rail system, which is only temporarily attached to 
the tunnel floor). Test-point positioning is accom- 
plished through a combination of lateral motion 
along the rails, mechanical rotation of the entire 
upper tubular section, and variable focusing by 
means of zoom optics within the package. The LRLV 
can be positioned to within 0.025 cm along the 
lateral rails, which are 6 m long; the rotation 
capability is 45° to either side of the vertical or 
the horizontal (depending on how the detachable 
folding-mirror /output-window assembly is installed) 
with a resolution of 0.2 mrad. Optical focusing 
can position the test point over a range of 2.6 to 
10 m, with a nominal accuracy of 0.2 cm. A 
computer-controlled stepper motor with absolute 
optical encoder read-back is used for each of the 
scanning motions. With minor changes, the optical 
range can be extended for use in the Ames 80- by 
120-Foot Wind Tunnel, as well as in the Ames' Out- 
door Aerodynamic Research Facility. 

The basic components of the LRLV are shown in 
Fig. 10. The instrument is a single-color, dual- 
beam backscatter device that utilizes special beam- 
splitting and frequency-shifting techniques that 
must withstand the energy density of the high-power 
laser beam from an 18-W argon-ion laser that is 
capable of producing 9W of single-color output. 

Using a patented 13 beam-rotation assembly, two 
orthogonal components of the velocity can be mea- 
sured; one measured component is always in the 
streamwise direction. 
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Contained within the LRLV is an on-board micro- 
processor controller and digital motor-control hard- 
ware. As illustrated in Fig. 11, the unit is con- 
nected through a communications cable (that may be 
as long as 60 m) to LV signal-processing electronics 
and a controller interface located in the wind- 
tunnel control room. The controller interface, as 
instructed by a microcomputer, is used to transfer 
motion and beam-rotation commands to the on-board 
microprocessor; it also receives and buffers the 
data from the LV signal processor and transfers data 
to the microcomputer, under program control. 

The controller interface can be used with or 
without the microcomputer. In its "stand-alone" 
mode it can be used to manually position the LRLV. 

In either mode, the interface displays test-point 
position in wind-tunnel coordinates, and it selec- 
tively reduces the incoming signal-processor data 
and displays the measured velocity component in 
meters per second. Thus, the interface is user- 
oriented, and greatly simplifies implementation of 
the LRLV for routine wind-tunnel testing. 

The LRLV system has not yet been applied within 
the wind-tunnel test section. Nevertheless, its 
range capabilities have proved quite useful for 
other related studies. As an example of a typical 
research application of the LRLV, Fig. 12 presents 
vertical surveys made through the exhaust flow of a 
1 /50-scale model of the Ames 80- by 120-Foot Wind 
Tunnel. At each streamwise location, surveys were 
accomplished by package rotation and by optical 
scanning to distances in excess of 7 m. Using the 
beam-rotation feature of the LRLV, direct measure- 
ments were made of two orthogonal velocity compo- 
nents at each location along the survey lines. The 
horizontal velocity component (parallel to the 
ground) was obtained directly and the vertical com- 
ponent was obtained by making a small cosine correc- 
tion to the tilted measurement; it was verified 
that no significant lateral flow was present in the 
survey plane. These data clearly document the 
magnitude of the exhaust flow, as well as its decay 
properties for various deflector ramps that have 
been studied. 


Concluding Remarks 

Laser velocimetry in the low-speed wind tunnels 
at Ames Research Center has proved to be a valuable 
complement to conventional wind-tunnel inst rumen t a- 
tion. The velocimeters described in this paper have 
been improved using state-of-the-art optical tech- 
niques, signal processing electronics, automatic 
control equipment, minicomputers, and computer 
peripherals . 

In particular, the use of programmable frequency 
sources to control the mean LV signal frequency, as 
described for the 3DLV, greatly improves the ulti- 
mate quality of the data. Moreover, because the 
technique reduces the possibility of bandwidth over- 
run, the utility of the 3DLV system for general 
wind-tunnel applications is enhanced, and the 
research and development nature of the velocimeter 
itself is decreased. This approach to improvement 
will continue to be applied to both the 3DLV and 
the LRLV. 

Applications techniques have also been shown to 
play a significant role in the utility of a laser 
velocimeter. For the 3DLV, incorporation of a 


statistical analysis into the system software has 
proved to be essential* for quality data. Also, the 
successful, new technique of streamline tracing 
suggests that the fluid dynamics of complex aero- 
dynamic flow fields can now be studied in ways that 
were heretofore not feasible. 

The LRLV will be a valuable asset for the 
large wind tunnels at Ames Research Center. New 
optical techniques and special methods for remote 
operation have been developed and have proved 
highly successful. With this instrument, a perma- 
nent installation is now possible for velocity mea- 
surements within the test section. Furthermore, 
the installation is mod el- independent and eliminates 
the need for large probe-support structures, which 
can cause flow disturbances near the model. For 
example, tail-off downwash and profile-drag measure- 
ments can now be made without the need for wake 
pitot-static rakes, and spanwise loading distribu- 
tions can be determined without the need for pres- 
sure taps on the model. 
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Fig. 1 Three-dimensional laser velocimeter (3DLV) uses three different colors from a single argon-ion 
laser to form three independent dual-scatter backscatter channels. 
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Fig. 2 3DLV minicomputer-based data acquisition, reduction, display, and control system 
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Fig. 4 General features of flow generated by a jet in a crossflow showing planes for presentation of 

3DLV data. 
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Fig. 5 Top view of horizontal plane noted in Fig. 4; measured mean velocity projections in the 
XY plane showing entrainment effect in wake region. 
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Fig. 6 Measured mean velocity projections in the YZ plane; view looking upstream for 

surveys A and B noted in Fig. 5. 
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Fig. 10 Major components of the long-range laser velocimeter. 



Fig. 11 Long-range laser velocimeter data acquisition, display, and control system. 
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experiment. Finally, a long-range (2.6 to 10 m) velocimeter that is designed 
to be installed within the test section of the Ames 40- by 80-Foot Wind 
Tunnel is described and sample data are presented. 
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